mined for both phases. Improved thrombolytic management was modeled by increasing the proportion of patients receiving thrombolysis from the current estimated level of 16.7 to 25% as well as subsequently increasing the proportion of patients treated within 3 h of the onset of symptoms post-stroke from 50 to 100%. The impact on care pathways was derived from clinical data. Results: Among 202,078 hospitalizations for a stroke or a transient ischemic attack (TIA), 90,528 were for confirmed AIS, and 33% (29,999) of them managed within a stroke unit. After hospitalization, 60% of discharges were to home, 25% to rehabilitative care and then home, 2% to rehabilitative care and then a nursing home, 7% to long-term care, and 6% of stays ended with patient death. Of a total cost over 1 year of €610 million (mean cost per patient of €20,326), 70% concern the post-acute phase. By increasing the proportion of patients being thrombolyzed, costs are reduced primarily by a decrease in rehabilitative care, with savings per additional treated patient of €1,462. By adding improved timing, savings are more than doubled (€3,183 per additional treated patient). Conclusions: This study confirms that the burden of AIS in France is heavy. By improving thrombolytic management in stroke units, patient journeys through care pathways can be modified, with increased discharges home, a change in post-acute resource consumption and net savings. 
Stroke is the second leading cause of death and a leading cause of acquired disability in adults worldwide [1] . In France, stroke is the third leading cause of death and the foremost cause of acquired disability in adults [2] . The burden on public health and the economic impact of stroke are sizeable. A recent study for the French Ministry of Health estimated the total healthcare cost of stroke patients in France at €5.3 billion per year [2] .
In recent years, specialized stroke units have become increasingly utilized in France, as in most of Europe, to improve the quality of care for stroke patients, in terms of both an increasing number of stroke units and of patients treated. Launois et al . demonstrated that stroke units were a highly cost-effective use of resources in France [3] . Admitting patients to stroke units within a short timeframe post-stroke is essential, especially with regard to the window for thrombolysis. Treatment of acute ischemic stroke (AIS), performed within the first 4.5 h of onset of the symptoms and under the responsibility and follow-up of a physician trained and experienced in neurovascular care, must be started as early as possible. The treatment effect is time-dependent; therefore, earlier treatment increases the probability of a favorable outcome [4] . Despite these facts, the most recent statistics, from 2007, show that less than 1% of all stroke patients were receiving thrombolytic therapy in France, largely due to being admitted after the time window for thrombolysis has closed [5] . Due to the debilitating sequelae that result from stroke, continuity of care and defining efficient post-discharge care pathways have also become key concepts for ensuring quality patient care.
Although the burden of stroke in France and the benefit of thrombolysis on clinical outcomes have been described, no studies have addressed the role of thrombolysis timing and treatment rates in French stroke units following AIS on clinical and economic outcomes and their consequences on post-discharge care pathways. Furthermore, detailed data in the international literature on the incremental impact of improved thrombolytic therapy on specific types of patient care pathways and the economic consequences are scarce. Therefore, the aim of this study was to evaluate the current management and associated costs of AIS for patients admitted in stroke units in France and over a one-year follow-up period, as well as to assess the impact of improving thrombolytic therapy, in terms of an increased proportion of patients receiving thrombolysis and a reduced time to thrombolysis, on clinical outcomes and care pathways.
Material and Methods

Study Design
A decision model was developed, comprising two components: an acute, hospital phase up until discharge and a post-acute (postdischarge) phase for the management of patients with AIS over a one-year follow-up period. The analysis was performed at the national level including only the direct medical costs. Variables were the current number of patients admitted in a stroke unit for AIS and followed in each care pathway, the proportion of thrombolyzed patients, the impact of thrombolysis on functional recovery (degree of disability) and on the number of patients per care pathway, resource consumption, and associated unit costs.
Improved thrombolytic management was modeled in a twostep process: by increasing the proportion of patients receiving thrombolysis from the current estimated level of 16.7 to 25% and subsequently increasing the proportion of patients treated within 3 hours following the onset of symptoms post-stroke from 50 to 100%. Sensitivity analyses were performed to evaluate the robustness of the model and the impact of assumptions used in the base case scenario. Stroke expert advice was solicited from experts with neurovascular intensive care, regional health agency/coordination of care, and local hospital profiles for elaborating certain hypotheses in the model, when data were unavailable in the literature.
Model Design
The acute phase in the model represents the initial hospitalization, for patients arriving from home, starting in a stroke unit and up until discharge, either directly from the stroke unit or from any other unit in which the patient subsequently stayed. The postacute phase corresponds to the period following discharge and up until 1 year. Five post-acute clinical care pathways were defined, using the Ministry of Health guidelines [6] and recommendations from the French Physical and Rehabilitative Medicine Society (SOFMER) and the French Federation of Physical and Rehabilitative Medicine (FEDMER) (hereafter referred to as Yelnik et al. [7] ). The post-acute phase pathways were the following ( fig. 1 ): • Pathway A: Discharge home, with possible physical, speech, and/or general therapy in a physical and rehabilitative medicine (PRM) center. Additionally, at least one follow-up visit with a neurologist was taken into account following the return home as well as botulinum toxin injections during outpatient hospital visits for patients suffering from spasms. • Pathway B: A stay in a rehabilitative care facility followed by a return home, with possible speech and/or general therapy in a PRM center. Again, for patients suffering from spasms, botulinum toxin injections during outpatient hospital visits were taken into account. • Pathway C: A stay in a rehabilitative care facility followed by placement in a nursing home, with possible general therapy in a PRM center and botulinum toxin injections during outpatient hospital visits for patients suffering from spasms. • Pathway D: A stay in a rehabilitative care facility followed by placement in a long-term care facility. Patients being placed in a long-term care facility directly following discharge, without a stay in a rehabilitative care facility, were also taken into account. Data on patient stays, such as length of stay and type of discharge (including in-hospital mortality) were extracted by selecting any stay with both an ICD-10 code for acute cerebral infarction and treatment within one of the 107 stroke units in France in 2011. Costs for hospital stays were calculated using the national cost scale (ENC) for 2010, as data for 2011 were unavailable. The ENC is the result of a permanent, continuous study of hospital resource consumption with the objective of estimating the actual cost of individual DRGs.
Post-Acute Phase Data for the post-acute phase were extracted either directly from the PMSI database or from national reports, guidelines, and expert advice. The proportion of patients journeying through a given post-acute care pathway were calculated using a combination of data from the PMSI database and the 2009 Fery-Lemonnier report for the Ministry of Health [8] when data pertaining to patient journeys following a stay in a rehabilitative care facility were not available within the scope of the PMSI (see online suppl. Data regarding resource consumption in each care pathway were extracted from Yelnik et al . [7] and on expert opinion [9] (see online suppl. table 6). The unit costs were either obtained from the 2010 ENC or from the median national health insurance reimbursable charge, obtained through a survey of institutions when definitive information was unavailable (see online suppl. table 5).
In the absence of a one-year mortality rate during the postacute phase in the scientific literature, a mortality rate at 3 months post-discharge of 20% was ascribed per care pathway, based on stroke expert advice, except for pathway E for which the actual inhospital rate could be extracted [9] .
Impact of Thrombolysis and Improving Thrombolytic Management
Various clinical criteria can be used to describe functional recovery at 3 months post-stroke. Certain publications could be used to establish a correlation between functional recovery post-discharge and patient care pathways use the modified Rankin Scale (mRS) at 3 months post-stroke. The mRS is a validated tool for assessing the functional recovery in terms of the degree of disability or dependence in the daily activities of patients having suffered from stroke or other neurological injuries. Based on Hacke et al. [4] , Wahlgren et al. [10] , and Hacke et al. [11] , the mRS score was used to define patient distribution per care pathway (scores 0, 1, 2, 3 corresponding to pathway A, score 4 to pathways B&C, score 5 to pathway D, and score 6 to pathway E). This patient distribution was validated by stroke expert consultation [9] .
The clinical impact of thrombolytic therapy by recombinant tissue plasminogen activator (rt-PA) used in the model was derived from Phase III clinical trials evaluating thrombolysis within 97 the 0-3 and 3-4.5 h windows [4, 11] . For these studies, the percentage of patients achieving each mRS score at 3 months poststroke and subsequent thrombolysis was compared to placebo. The treatment effect of rt-PA for the two respective time windows on the proportion of patients achieving mRS scores were transposed to the corresponding care pathways and entered into the model. The percentage of confirmed AIS patients currently receiving thrombolytic therapy in stroke units was estimated to be 16.7%, based on data from the French Society of Radiology [12] estimating the number of thrombolytic interventions at 5,000 per year, and the preliminary extraction from the PMSI database showing the number of stays in stroke units for cerebral infarction at 29,999 in 2011. The targeted percentage of patients receiving thrombolytic therapy used in order to model improved thrombolytic management was 25%. This choice was based on rates in other countries available in the literature [4] and determined to be a realistic goal. This percentage was also validated through expert consultation [9] .
Of the 16.7% patients considered to be currently receiving thrombolytic therapy, it was estimated by experts that 50% received it within 0-3 h and 50% within 3-4.5 h [9] . In order to perform the second step of modeling the improved timing of thrombolysis, the targeted percentage of patients receiving thrombolysis within 0-3 h post-stroke used was 100% to represent optimal thrombolytic timing. This rate was applied sequentially after the increase from 16.7% to 25% of patients receiving thrombolysis was applied to the model.
Ethics
Permission to extract and use the PMSI data was obtained from the National Commission on Informatics and Liberty (CNIL).
Results
Current Management
In 2011 in France, 202,078 hospitalizations occurred due to stroke or transient ischemic attack (TIA), among which 90,528 were due to confirmed ischemic stroke. Of these, 29,999 cases (33% of confirmed ischemic strokes) were treated following AIS in one of 107 specialized stroke units. Among the patients treated in a stroke unit following their AIS, 56% were male and the mean age was 69.3 years old. The average length of stay was 12.5 days in the hospital, with 8.5 days being in the stroke unit. The proportions of patients journeying through each care pathway are the following: 60% were discharged home, 25% to rehabilitative care and then home, 2% to rehabilitative care and then a nursing home, 7% to long-term care and 6% died during hospital stay ( table 1 ).
The total amount of days for hospital stays was 374,170, with 256,766 days being spent within stroke units. Additionally, 951,267 days were estimated to have been spent in rehabilitative care facilities and 531,833 days in longterm care facilities ( table 2 ) .
The total cost, including both the acute phase and the 1 year post-acute phase, was estimated to be approximately €610 million, with 70% of this cost resulting from costs during the post-acute phase ( table 1 ). The average cost per patient was €20,325.39 and varied according to the care pathway through which the patient journeyed, ranging from €7,513.48 for a patient being discharged home (pathway A) to €66,406.06 for a patient being transferred to a rehabilitative care facility and then to a nursing home (pathway C).
Impact of Increasing the Percentage of Patients Receiving Thrombolysis
The impact of increasing the percentage of patients receiving thrombolytic therapy, both in the 0-3 and 3-4.5 h windows following the onset of symptoms, was modeled by increasing the percentage from the current rate of 16.7% to 25% (+8.3%). In this scenario, 50% of patients received thrombolytic therapy in each of the two time windows. This step led to 2,490 additional patients receiving thrombolytic therapy, with an increase of 136 patients being discharged home following hospitalization, without having much effect on the distribution of the most severe cases ( table 2 ) . It can thus be deduced that there was a transfer of patients from pathway B to pathway A.
The overall impact on healthcare resource consumption for the acute phase was small, in terms of a reduction in the days of hospitalization, but much larger for the post-acute phase, most notably with a large reduction in the number of days in rehabilitative care facilities and in nursing homes as well as a slight increase in the number of days in long-term care facilities ( table 2 ). The economic impact was sizeable with savings of €3,693,504.78, which were essentially related to the modification of resource consumption in the postacute phase (89%; table 2 ). This corresponds to savings of €1,461.70 generated per additional patient receiving thrombolytic therapy ( table 2 ) . There is an inversely linear relationship between the percentage of patients receiving thrombolytic treatment and the total costs of AIS management in stroke units. For every 1% increase in the number of patients receiving thrombolytic treatment, there is a €439,800 decrease in total costs.
Impact of Improving Time to Thrombolysis
By increasing the percentage of patients receiving thrombolytic therapy within 3 h after the onset of symptoms post-AIS to 100% in addition to the previously increased total percentage of patients receiving thrombolytic therapy, an additional 63 patients journey through pathway A and were discharged home after hospitalization, for a total of 199 patients ( table 2 , note that the differential refers to the base case scenario), most likely being transferred from pathway B.
The impact on healthcare resource consumption remained small with regard to the acute phase, but was much greater for the post-acute phase ( table 2 ). The economic impact is even larger than with the first modeling step, totaling €7,925,248.96 in savings, of which 97% result from the post-acute phase ( table 2 ). The savings generated per additional patient receiving treatment in this scenario are €3,182.92. There is an inversely linear relationship between increasing the percentage of patients receiving thrombolytic treatment within 0-3 h following the onset of symptoms and the total costs of AIS management in stroke units. For every 1% increase in the number of patients receiving thrombolytic treatment in the first 3 h post-symptom onset, there is a decrease of €85,600 in total costs.
Sensitivity Analyses
Univariate sensitivity analyses were performed by modifying the variables associated with the most uncertainty to test the robustness of the base-case scenario (current management). For each variable, a range with pertinent minimum and maximum values was defined ( table 3 ) . For the majority of these values, there was little to no fluctuation (±5%) between the total cost with the base case value and the resulting total cost after modification with the minimum and maximum values. The two variables that resulted in the largest fluctuations were the length of stay in rehabilitative care facilities and the per diem reimbursable charge used for this type of stay (varying from -30% to +24% of the base case total cost), reflecting a greater degree of uncertainty and impact for these variables. 
Discussion
This study confirms that the clinical and economic burden of AIS in France is sizeable. To our knowledge, this study is the first to model the incremental impact of improved thrombolytic management in stroke units, showing a redistribution of patient journeys through care pathways, most notably with an increase in patient discharges to home and large changes in post-acute resource consumption, resulting in net savings.
Our findings for the acute phase of the base case scenario are consistent with the Fery-Lemonnier report [8] , which determined that the initial hospital stay with treatment in a stroke unit following stroke (both AIS and hemorrhagic stroke [HS]) cost €5,276 to €5,407 per patient from a healthcare system perspective. Our findings were slightly higher at €6,199 per patient for the acute phase, including only AIS patients treated in stroke units. Our results for the healthcare costs of the acute and post-acute phases combined (€20,325.39 per patient) were slightly higher than those found by Chevreul et al . [2] , which were €16,686 per patient in the first year for incident cases of stroke, from a societal perspective with data from 2007. Again, Chevreul et al . took both AIS and HS into account, as well as treatment in both stroke units and conventional units. Spieler et al . , on the other hand, found the postacute costs over 1 year to be €17,799, with data from 1997 and without distinguishing between stroke types or stroke unit types [13] .
It should be noted that during the second step of the model, a conservative assumption regarding treating the AIS patients within the first 3 h post-onset of symptoms was used with a 1% increase of in-hospital mortality (pathway E), based on the pooled analysis of the ATLANTIS, ECASS, and NINDS rt-PA stroke trials [4] . This increase in the mortality rate for the 0-3 h window was not statistically significant in the pooled analysis, whereas the odds of a favorable outcome at 3-month following thrombolytic therapy in this 0-3 h window was.
One challenge for undertaking a model such as the one used in this study is the modeling of outcomes and costs in the post-acute phase when patient-level data are unavailable. However, our approach was consistent with previous health economic studies on stroke and/or thrombolysis in France and in the international literature. Indeed, the post-acute clinical pathways were defined based on the Ministry of Health's guidelines [6] and FeryLemonnier [8] report as well as on Yelnik et al. [7] . French studies such as Launois et al. [3] and Chevreul et al . [2] employed a similar pathway model, whereas Spieler et al. [13] used slightly different post-acute pathways: convalescent home, rehabilitation, nursing home, chronic hospitalization, and ambulatory care. Finally, Ehlers et al. [14] used a simpler pathway model to evaluate the costeffectiveness of thrombolysis within a 3-hour window post-stroke in a Danish hospital: discharge to home, to rehabilitation or to a nursing home. In all these studies, post-acute costs were evaluated in much the same way as our study, using national per diem charges, the length of stay, and the patients' functional score and/or data from institutional surveys and microcosting studies.
The present study has some limitations. As stated above, the post-acute phase was modeled based upon assumptions drawn from published data or expert opinion. These assumptions were tested through sensitivity analyses. The study was also conducted from a national, societal perspective, but, for certain variables in the postacute phase, the charges for reimbursement billed to the national health insurance had to be used, in the absence of data on production costs. Data on ambulances and other transportation costs during transfers as well as indirect costs were not included in the analyses. Rehospitalizations were not taken into account due to the nature and coding of AIS. Despite these limitations, our results provide a comprehensive picture of the current management of AIS in stroke units in France and of the positive impact that improved thrombolytic treatment numbers and timing have on this management.
Although no other study has specifically evaluated the incremental impact of improving the proportion of thrombolyzed patients and the proportion thrombolyzed within 3 versus 4.5 hours and although the data and postacute pathways used are specific to the French healthcare system, the results of other studies in the international literature suggest that the favorable clinical and economic impact seen in this study could be extrapolated to other countries. Indeed, Penaloza-Ramos et al. [15] showed that improving thrombolysis generated immediate cost savings and increased quality-adjusted life years in a United Kingdom acute care setting, while Mar et al. [16] and Ehlers et al. [14] suggested that the costs of implementing thrombolysis (including the cost of establishing stroke units) would outweigh the savings in the short term but be offset by functional benefits in the long term in Spanish and Danish settings. Interestingly, Sølling et al. [17] demonstrated a significantly reduced length of stay of non-stroke patients admitted to a Danish stroke unit as an indirect benefit of implementing effective thrombolysis in a stroke unit by increasing the resources available to all patients admitted for suspected stroke.
Conclusion
The current burden of AIS in France is heavy. By improving thrombolytic management in stroke units, patient journeys through care pathways can be modified, with increased discharges home, a change in post-acute resource consumption and net savings. Further research is warranted to confirm the results of this study with further clinical, observational, and pharmaco-economic studies as well as through continued real-life improvements in thrombolytic treatment in stroke units across France.
In the future, the evolution of medical practices with regard to thrombolysis will also likely affect the economic impact of thrombolytic management in stroke units. In particular, this could be the case for combination therapy with intravenous thrombolysis and mechanical thrombectomy. Until recently, intravenous thrombolysis and mechanical thrombectomy have been considered mutually exclusive interventions, with the choice of which to use depending on specific clinical criteria, such as the location of the intracranial occlusion [18] . However, clinical study results providing definitive evidence of the clinical benefit and the health economic impact of the combined treatment strategy are anticipated. The added cost of adjuvant thrombectomy with thrombolysis could potentially be offset by an improvement of functional prognosis and mortality in much the same way net savings were generated per additional AIS patient receiving thrombolytic therapy in stroke units in this study.
